can adhere onto and remodel gelatin scaffolds, which is important for cellular processes such as proliferation, differentiation, and migration. [6] Physical crosslinking by thermal gelation of gelatin results in the formation of hydrogels, but the gelation temperature is often below physiological range, limiting their use with mammalian cells and for in vivo applications. Thermally stable, covalently crosslinked gelatin hydrogels have been formed most commonly using crosslinking strategies involving dialdehyde or carbodiimide chemistry and through free radical and enzymatic polymerizations. [7] [8] [9] [10] [11] However, most of these crosslinking methods directly target the amino acid side chains of gelatin polymers and may cross-react with cells and other proteins that also contain the same functional residues. This limits the ability of these strategies to be used for direct encapsulation of cells and proteins, and for in situ crosslinking after injection in vivo at target tissue sites. Improved gelatin hydrogel designs that do not harm the activity of cells and proteins and allow in situ hydrogel formation in vivo are thus of interest.
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In recent years, copper-free click reactions have been used to rapidly form hydrogels in complex aqueous media, at physiologically relevant conditions, with a high degree of chemoselectivity. [12] Indeed, a photoclick step-growth reaction between norbornene-modified gelatin and multifunctional thiols was recently used to form covalently crosslinked gelatin hydrogels that showed improved cell encapsulation performance relative to the commonly used gelatin methacryloyl (GelMA) chaingrowth hydrogel system. [13] However, this thiol-ene crosslinking strategy still produces harmful radical species and could crossreact the gelatin backbone with thiols found on cells, proteins, and some drugs. Additionally, photopolymerized systems require the input of ultraviolet light (UV) for crosslinking, which needs dose optimization to balance toxicity to cells with hydrogel mechanical properties and limits its clinical translation to settings where rapid UV illumination is possible. [14] Recently, the inverse electron demand Diels-Alder click reaction between tetrazine and norbornene has been shown to form bioorthogonally crosslinked hydrogels without external energy input. [15] [16] [17] These hydrogels have favorable properties for cell encapsulation, but require grafting of peptide moieties through secondary reactions to introduce functionalities such as cell adhesion and MMP-mediated degradation. In this work, we aimed to exploit the tetrazine-norbornene click pairing to create a purely gelatin-based material system that is capable of rapid hydrogel formation, possesses high cell compatibility and responsiveness, and is injectable and biodegradable for in vivo applications.
We introduced the bioorthogonal tetrazine-norbornene click pair to distinct gelatin polymers using carbodiimide chemistry. After purification of these polymers, the appearance of representative 1 H NMR peaks for the individual click moieties Covalently crosslinked gelatin hydrogels are used ubiquitously for many 3D cell culture, tissue engineering, and drug delivery applications. [1, 2] However, these hydrogels are often formed with chemistries that can cross-react with cells or biological molecules, limiting their use in cell encapsulation and as injectable in situ forming gels for in vivo therapeutic settings. We hypothesized that modified gelatin polymers with pendant tetrazine (GelT) or norbornene (GelN) click chemistry pairs, when mixed, would spontaneously undergo bio-orthogonal crosslinking to form hydrogels that are injectable and maintain the cell-responsive properties of native gelatin (i.e., cell adhesion and matrix metalloproteinase (MMP)-mediated degradation). Upon mixing the constituent click-modified polymers, "click gelatin hydrogels" (ClickGel) formed within minutes without external energy input, catalysts, or initiators and demonstrated mechanical properties compatible with in vitro and in vivo biomaterials applications. ClickGel demonstrated robust cell attachment, high viability of encapsulated cells, and was MMP-degradable, allowing mouse fibroblasts and human mesenchymal stem cells (hMSCs) to achieve 3D elongated morphologies after encapsulation. ClickGel subcutaneously injected in mice showed a minimal inflammatory response and sustained in vivo degradation after infiltration by host cells. The ClickGel system provides an injectable bioorthogonally crosslinked hydrogel platform suitable for many laboratory and clinical applications that require cell-responsive hydrogels.
Hydrogels are used as biomaterials in a variety of applications such as 3D cell culture, tissue engineering, and drug delivery. [3] [4] [5] Gelatin is a protein derived from collagen that has cell-responsive properties that make it favorable for use as a synthetic extracellular matrix (ECM) in these applications. Cells in each polymer was confirmed ( Figure S1 , Supporting Information). The modified gelatin polymers had reduced gelation temperatures ( Figure S2 , Supporting Information) and viscosities (Table S1 , Supporting Information) relative to native gelatin and could be dissolved at room temperature in aqueous media, and easily pipetted and mixed for gel formation. Individual solutions of GelT and GelN were mixed together to allow a spontaneous inverse electron demand Diels-Alder reaction to occur and form a covalently crosslinked ClickGel on a timescale that was feasible for injection through a conventional needle (Figure 1a,b) . Gel formation was highly reproducible with gels forming 100% of the time. As the ClickGel formed, the pink color of the tetrazine moiety was lost due to reaction with norbornene, and a transparent homogeneous hydrogel was formed with infrequent small bubbles present within the gel, presumably as a result of nitrogen evolution. Mixing of GelN or GelT with unmodified gelatin or performing the reaction in the presence of ≈1000× free tetrazine or norbornene small molecules prevented gel formation, demonstrating that ClickGel crosslinking is dependent on the reaction between click moeities on both GelN and GelT ( Figure S3 , Supporting Information).
To characterize the physical properties of ClickGel, rheometry was performed on hydrogels at 5% and 10% polymer concentration. Analysis of gelation kinetics at 37 °C revealed rapid gel formation, achieving 50% of the final storage modulus in 13 ± 3 min for 5% and 5 ± 0.3 min for 10% ClickGel (Figure 1c) . The ability to tune the mechanical properties of hydrogels is important in controlling the behavior of encapsulated cells. [18, 19] Rheometry revealed that changes in the total polymer concentration and the ratio of GelN to GelT could be used to vary the mechanical properties of the resulting hydrogel over a wide range ( Figure 1c) . Since an N:T ratio of 1:1 provided maximal mechanical stiffness, this composition was used in all subsequent studies. Using these mechanical data, the average mesh size of 5% and 10% ClickGel at N:T ratio of 1 were calculated to be 30 ± 2 nm and 12.1 ± 0.2 nm, respectively, which are compatible with transport of nutrients and many growth factors but under the size required for cell trafficking. Next, the enzymatic degradability of ClickGel was tested. Incubation of ClickGel that was covalently labeled with a fluorescent dye, with buffer containing collagenase II resulted in hydrogel degradation with rates that were dependent on the polymer concentration of the hydrogel and enzyme concentration used (Figure 1d ). Significant degradation of the gels was not observed in buffer that did not contain collagenase ( Figure S4 , Supporting Information). These results show that ClickGel forms at timescales feasible for in vitro and in vivo use, has tunable mechanical properties, and retains the enzymatic degradability of gelatin after modification and crosslinking.
Binding to substrates is critical for the survival and function of many therapeutically relevant cell types, and the utility of ClickGel as a substrate for 2D cell culture was explored next. NIH 3T3 mouse fibroblasts, a cell type used commonly in cell compatibility testing, were the model cell type for these studies. Enhanced green fluorescent protein-expressing (EGFP) 3T3 Table S2 , Supporting Information). F-actin staining also revealed elongated cell morphologies on both 5% and 10% hydrogels (Figure 2c ). These results show that ClickGel retains the inherent cell adhesivity of gelatin after crosslinking and is permissive to 2D cell culture.
Next, studies of 3D cell encapsulation were performed to evaluate the utility of ClickGel as a synthetic ECM. Since gelatin has integrin binding and enzymatic cleavage sites, we hypothesized that cells encapsulated in ClickGel would be able to elongate in 3D (Figure 3a) . 3T3 cells were encapsulated in ClickGel and cellular proliferation was measured over time by enzymatically digesting the cell-laden constructs and performing cell counting (Figure 3b ). Significant increases in cell number were seen in both gel compositions over a one week culture period. Next, we compared the relative performance of ClickGel to the widely used GelMA system for cell encapsulation. Live/dead staining was used to visually assess cell viability and morphology of 3T3 cells encapsulated in 5% and 10% ClickGel and 5% GelMA that was polymerized with 15 and 30 s of UV exposure under previously utilized conditions (Figure 3c ). [9] Fluorescence imaging of encapsulated cells revealed high cell viability in both ClickGel compositions over the three day culture period. However, a striking difference in cell shape was observed with cells in 5% ClickGel showing elongated morphologies extending into multiple imaging planes, whereas cells in 10% ClickGel remained round over this time period. Cells encapsulated in 5% GelMA with 15 s of UV demonstrated significantly lower cell viability relative to 5% ClickGel ( Figure S5, Supporting Information) . Increasing the UV time to 30 s dramatically decreased the cell viability in GelMA, demonstrating the sensitivity of cells in this hydrogel system to the UV input. Taken together these results show that ClickGel maintains high cell viability in 3D culture relative to GelMA and that 5% ClickGel allows rapid establishment of spread morphologies by encapsulated cells.
To investigate whether 3D cell spreading in 5% ClickGel was dependent on MMP-mediated degradation of the gelatin network, cell-laden hydrogels were cultured in the presence of the broad-spectrum MMP-inhibitor Marimastat. Cells were seen to elongate only a few hours after encapsulation and migrate within control gels (Supporting Information, Movie 1), while they remained spherical and immobile in Marimastat treated gels (Supporting Information, Movie 2). Indeed, cells treated with Marimastat failed to spread and remained spherical after encapsulation for a three-day culture period (Figure 3d) . Analysis of projected cell length from imaging confirmed significantly higher lengths of control cells compared to cells in Marimastat-treated cultures (Figure 3e ). Whereas an increase in cell length was seen in control 5% gels between day one and three indicating progressive elongation, cells treated with Marimastat failed to increase significantly in length. F-actin staining further confirmed the morphology differences between control and Marimastat-treated cells in terms of 3D cell elongation (Figure 3f ). Elongated cells were seen with cell-cell contacts at day three in control cultures, whereas cells in Marimastattreated cultures remained isolated and extended only minor protrusions over this period. These data show that 3T3 cell elongation in 5% ClickGel is largely MMP-mediated.
Next we tested the ability of 5% ClickGel to serve as a matrix to support 3D hMSC spreading, a process reported to affect hMSC behavior. [19] Encapsulated hMSCs underwent extensive elongation during the culture period (Figure 3g ). Confocal imaging revealed that elongated hMSCs extended through multiple planes in the gel, formed cell-cell contacts, and exhibited actin stress fibers (Figure 3h ). These results indicate that 5% ClickGel allows matrix remodeling by this therapeutically relevant human cell type. Further studies on hMSC survival, migration, and differentiation will be required to determine the suitability of ClickGel as a matrix for hMSC culture. 
CommuniCation
Finally, we studied the in vivo degradation and tissue compatibility of ClickGel injected subcutaneously in mice. To assess the in vivo fate of ClickGel, we monitored the degradation of subcutaneously injected fluorescently-labeled ClickGel in mice using IVIS in vivo imaging (Figure 4a,b) . Hydrogel fluorescent signal remained localized at the injection site indicating in situ gel formation. 5% ClickGel underwent near complete degradation over the course of 120 d, whereas 10% gels degraded at a slower rate over this period. Histological assessment of ClickGel and the surrounding tissue revealed mild inflammation and formation of a thin fibrous capsule, containing fibroblasts, that increased in collagen deposition over time (Figure 4c ). Interestingly, progressive infiltration of immune cells, including macrophages and eosinophils, was qualitatively observed in the 5% ClickGel samples whereas minimal cell trafficking into 10% ClickGel was seen. These observations are consistent with the in vitro results showing 5% ClickGel has an increased susceptibility to enzymatic degradation and matrix remodeling relative to 10% ClickGel. Overall, these data show that ClickGel degrades after in situ gelation in vivo and produces only minor inflammation at the injection site.
This report shows that modification of gelatin with the tetrazinenorbornene click pair allows the rapid and spontaneous formation of injectable covalently crosslinked hydrogels. This approach simplifies hydrogel formation relative to many other commonly used gelatin crosslinking schemes. Tetrazine and norbornene precursors are commercially available and can be coupled to the gelatin backbone using a simple aqueous one-pot reaction, making the 
synthesis of GelN and GelT highly accessible. Functionalization of gelatin with tetrazine and norbornene pendant groups reduced the viscosity and gelation temperature of the gelatin, allowing greater ease of pipetting and mixing for gel formation. This change in rheological properties is likely due to click moeity modification of the gelatin partially interrupting the inter-and intramolecular interactions required for physical gelation of gelatin. [20] Whereas photopolymerizable hydrogel systems, such as the popular GelMA system require specialized UV equipment to initiate polymerization, ClickGel formation is spontaneous and can be done in a broad range of settings. [9, 21] The spontaneous and chemoselective nature of ClickGel formation allows the prepolymer solution to be injected prior to significant gelation, potentially allowing minimally invasive introduction into the body and in situ hydrogel formation for applications such as space filling, cell delivery, and localized controlled release of bioactive molecules.
ClickGel was found to be highly cell compatible, due to the inherent properties of gelatin and the bioorthogonal nature of the crosslinking process. The integrin binding peptide sequences from collagen, such as the well-known RGD motif, contained in gelatin likely are responsible for the cell adhesion and proliferation on ClickGel surfaces. No differences in 3T3 cell proliferation between 5% and 10% ClickGel surfaces were observed even with a ≈14-fold difference in substrate stiffness, unlike previous reports of cell proliferation on gelatin hydrogels of similar polymer concentration. [9] This may be due to the high integrin ligand density of gelatin overriding mechanical cues or unresponsiveness of 3T3 cells to changes in mechanical properties over this range. 3T3 cells cultured on ClickGel showed extended morphologies and doubling times comparable to those previously reported when they are cultured on tissue culture plastic. Cells encapsulated within ClickGel showed sustained high viability over the culture periods studied. In vivo injection of ClickGel resulted in minimal inflammation and the formation of a thin fibrous capsule, as is typical in response to most biomaterials. [22] These in vitro and in vivo results compare well with other gelatin hydrogel systems and tetrazinenorbornene crosslinked hydrogels. [9, 13, [15] [16] [17] 21, 23] Whereas other gelatin crosslinking schemes may require optimization of energy input, catalyst, or crosslinker concentration to avoid toxicity to cells and tissues, the ClickGel strategy requires no optimization to maintain high cell viability, increasing its ease of use and cell compatibility. To our knowledge, ClickGel is the first truly bioorthogonally crosslinked gelatin system, making it highly appealing for encapsulation of cells and biologically active molecules that are sensitive to damage from other gelatin crosslinking schemes. ClickGel was enzymatically degradable and allowed cells to elongate and migrate in 3D culture, and infiltrate into the gel site in vivo. While 5% ClickGel allowed encapsulated cell spreading in vitro and host cell infiltration in vivo, 10% ClickGel did not substantially allow these behaviors over the time scale and conditions we studied. Slower degradation kinetics for both hydrogel concentrations were observed in vivo, where ClickGel is likely degraded primarily by MMP-2 and MMP-9 secreted by gel-adjacent and -infiltrating cells, relative to in vitro tests, where gels were bathed in exogenous collagenase II. The higher polymer concentration and crosslink density likely delayed matrix remodeling in 10% ClickGel as has been observed in other gelatin hydrogel systems. [9, 13, 14] Additionally, the average mesh size of 10% ClickGel (12.1 ± 0.2 nm) is near that of pro-MMP-2 (ellipsoid of length: 9.75 nm, width: 6.75 nm) and pro-MMP-9 (hydrodynamic diameter: 9.08 nm), two key cell-secreted gelatin-degrading enzymes, and may limit enzyme mobility and matrix degradation. [24, 25] Differences in cell-secreted MMP concentrations may also exist between the two polymer concentrations, although this was not explored in this study. Matrix degradation is a critical cellular process in many normal tissue processes and disease states. [6] While many hydrogel materials require functionalization with MMPdegradable sequences to allow cell-triggered degradation, gelatin inherently contains MMP-sensitive peptide sequences, alleviating the need for additional synthesis steps. Indeed, gelatin-based hydrogels have been used extensively as in vitro 3D cell culture systems for the study of a variety of cellular behaviors requiring matrix remodeling such as tumor progression and endothelial network formation. [26, 27] Cell invasion and enzymatic cell-triggered remodeling is also favorable in hydrogels for in vivo therapeutic applications such as bone regeneration. [28] Subcutaneously injected 5% ClickGel degrades on a similar timescale to that of normal bone fracture healing (-six to eight weeks) and would likely degrade at accelerated rates in the setting of a bone fracture due to higher local MMP concentrations. [29] The ability of ClickGel to allow cell trafficking and matrix-remodeling without cross-reacting with biological cargo positions it as a material for cell delivery or recruitment at therapeutic target sites.
In sum, ClickGel is a cell-responsive, bioorthogonally crosslinked, and injectable gelatin hydrogel system. ClickGel crosslinked spontaneously under physiological conditions to form stable hydrogels with tunable mechanical and degradation properties. ClickGel supported cell attachment and MMPmediated matrix remodeling, allowing 3D spread morphologies and migration of cells within the gel. Subcutaneous injection of ClickGel led to minimal inflammatory responses and progressive biodegradation accompanied by cellular infiltration. ClickGel will likely improve the performance of gelatin hydrogels in many laboratory and clinical applications and provides a general strategy for producing bioorthogonally crosslinked protein hydrogels.
